Profilin (PRF) is a low-molecular-weight actin binding protein encoded by a diverse gene family in plants. Arabidopsis PRF1 transcripts are moderately well expressed in all vegetative organs. A regulatory mutant in PRF1 , prf1-1 , was isolated from a library of T-DNA insertions. The insertion disrupted the promoter region of PRF1 100 bp upstream from the transcriptional start site. Although steady state levels of PRF1 transcripts appeared normal in mature prf1-1 plants, the levels in young seedlings were only one-half those observed in wild type. Reactions with a PRF1 isovariant-specific monoclonal antiserum and general anti-profilin antisera demonstrated that PRF1 protein levels also were one-half those found in wild-type seedlings, although total profilin levels were unaffected. Mutant seedlings no longer could downregulate PRF1 levels in the light, as did wild type. Consistent with their molecular phenotypes, young mutant seedlings displayed several morphological phenotypes but developed into apparently normal adult plants. Their initial germination rate and development were slow, and they produced excessive numbers of root hairs. Mutant seedlings had abnormally raised cotyledons, elongated hypocotyls, and elongated cells in the hypocotyl, typical of phenotypes associated with some defects in light and circadian responses. A wild-type PRF1 transgene fully complements the hypocotyl phenotypes in the prf1-1 mutant. The ability of profilin to regulate actin polymerization and participate directly in signal transduction pathways is discussed in light of the prf1-1 phenotypes.
INTRODUCTION
The actin cytoskeleton contributes to many of the dynamic processes directing plant development: cell polarity, division plane determination, cell elongation, and cell wall deposition (Meagher et al., 1999b) . As seedlings emerge from the soil and respond to light, significant changes occur in plant morphology that must be directed at the cellular level by alterations in the cytoskeleton (Meagher et al., 2000) . Because the actin binding protein profilin is particularly important to the dynamics of actin polymerization and sequestration, the regulation of plant profilin expression in cells and organs responding to changes in light levels should affect plant development. This article provides initial data demonstrating the connection between profilin regulation and plant morphology.
Profilin binds monomeric G-actin and participates in several cytoskeletal functions (Gibbon and Staiger, 2000) with the potential to alter cellular and organismal development. Profilin accelerates assembly at the barbed ends of actin filaments and sequesters actin monomers, which decreases the pool of polymerizable actin once barbed ends are capped (Carlier et al., 1993; Pantaloni and Carlier, 1993; Perelroizen et al., 1996) . Profilin activates actin for assembly by catalyzing ADP-to-ATP exchange on actin monomers. Profilin binds tightly to poly-L -proline, a motif present in some proteins involved in regulating the actin cytoskeleton (Ahern-Djamali et al., 1999) . In addition, profilin responds to calcium and phosphoinositide signaling with resulting changes in actin cytoarchitecture (Ostrander et al., 1995; Singh et al., 1996) . Finally, profilin appears to participate directly in classical signal transduction, because its binding of phosphatidylinositol 4,5-bisphosphate inhibits hydrolysis by unphosphorylated phospholipase C (Goldschmidt-Clermont et al., 1990 . Dictyostelium profilin mutants show impaired cytokinesis and arrested development (Karakesisoglou et al., 1999) . Yeast profilin mutants are altered in viability, size, and shape (Haarer et al., 1990) and in actin stability after heat shock (Yeh and Haarer, 1996) . Plant profilins have been shown to rescue profilin mutants in Dictyostelium (Karakesisoglou et al., 1996) and yeast (Christensen et al., 1996) , suggesting that they share many of these mechanistic capabilities with their counterparts in other kingdoms. Some of these properties have been characterized experimentally for a few plant profilins (Staiger et al., 1994; Gibbon et al., 1997 Gibbon et al., , 1998 Clarke et al., 1998; von Witsch et al., 1998) .
Profilin is encoded by only one or two genes in most fungi, animals, and protists in which they have been characterized, including profilins from yeast (Haarer et al., 1993) , humans (Kwiatkowski and Bruns, 1988) , and Dictyostelium (Haugwitz et al., 1991) . In contrast, plants have several genes encoding highly divergent profilin isovariants, based on the best characterized families in two very distant angiosperms, Arabidopsis (Christensen et al., 1996; Huang et al., 1996) and maize (Staiger et al., 1993; Gibbon et al., 1997) . The most divergent isovariants in Arabidopsis, the vegetative and reproductive profilins, share only 77% amino acid sequence identity with each other and 26% identity with the vertebrate proteins (Huang et al., 1996) . In maize, the diversity in profilin isovariants manifests itself as differences in affinity for ATP, actin, and poly-L -proline (Gibbon et al., 1997 (Gibbon et al., , 1998 , suggesting that isovariant dynamics among coexpressed plant profilin proteins may expand the responses of the actin cytoskeleton or buffer it against stress (Meagher et al., 1999a) . But the in vivo cellular or organismal roles of any one plant profilin isovariant have yet to be demonstrated.
One of the Arabidopsis profilin genes, PRF1 , expresses moderate levels of mRNA in the vegetative tissues and organs examined (Christensen et al., 1996; Huang et al., 1996) . The PRF1 protein sequence differs in only 10 of its 131 amino acid residues from that of its closest relative in the profilin family, PRF2. It has not been shown that the PRF1 isovariant makes any distinct contribution to the plant cytoskeleton or to plant development.
In this report, we characterize an Arabidopsis profilin mutant, prf1-1 , which contains a large insertion in the PRF1 promoter region. In mutant seedlings, PRF1 mRNA and PRF1 protein were both reduced to approximately half of the normal levels, and the downregulation of PRF1 levels observed in the light was lost. Although homozygous mu- (A) The location of the T-DNA insertion in the prf1-1 mutant is shown on a map of the Arabidopsis profilin gene PRF1 . PRF1 encodes a 131-amino acid protein. The locations of primers used in this study are shown, with their 3 Ј ends indicated by arrows. The PCR products used to map the insertion, the primer extension product and RT-PCR products that were used to map the 5 Ј end of the PRF1 transcript (ts start), and the 5 Ј untranslated region (5 Ј UTR) used as a gene-specific probe are shown below the gene. Two introns (ivs) interrupt the coding region. (B) prf1-1 mutant plants were identified by a sequence-based screening strategy using a primer (see Table 1 ) located in the T-DNA left border (LB202) and a degenerate profilin primer, PRF104A, which produced a 1.25-kb product. A ladder of prf1-1 /left border junction products is produced by a set of nested antisense profilin primers (PRF104A, 71A, and 1A). tant plants were quite viable, they showed a number of seedling defects consistent with PRF1 playing roles in intracellular signaling and/or in the regulation of cell architecture. Mutant seedlings displayed altered light responsiveness, delayed germination, elongated hypocotyls, and excessive numbers of root hairs.
RESULTS

A Mutation in the Profilin Gene PRF1
To investigate the roles of various plant profilin isovariants in actin dynamics and plant development, we screened for Arabidopsis profilin mutants in a T-DNA insertion library. As shown in Figure 1A , polymerase chain reaction (PCR) was used to amplify junction sequences between the T-DNA left border (LB102A) and any disrupted or adjacent profilin gene using a highly degenerate profilin primer (PRF-104A; see details in Methods and Table 1 ). A disrupted profilin gene was corroborated in one pool of mutants when a ladder of profilin-hybridizing fragments of 1250, 1050, and 370 bp were generated that terminated on the nested profilin primers PRF-104A, PRF-71A, and PRF1-1A, respectively ( Figures  1A and 1B , Table 1 ). DNA sequence analysis of the smallest of these junction fragments confirmed the identity of an insertion in the previously characterized profilin gene, PRF1 (Huang et al., 1996) . Figures 1A and 1C show the location of the T-DNA insertion in the prf1-1 mutant. The element was inserted 242 bp upstream of the translational initiation codon, ATG. Six base pairs were deleted from the PRF1 sequence during the insertion event (the upstream end of the insertion sequence is not shown). Primer extension analysis of the wild-type transcript was used to map the start of transcription to Ϫ 143 bp upstream from the ATG, as shown in Figures 1A and 1C .
Using a sense primer immediately downstream of this transcriptional start site (PRF1-143S) in conjunction with an antisense profilin primer (PRF1-1A) located at the start of translation, reverse transcription-mediated PCR (RT-PCR) produced PRF1 products from Arabidopsis leaf cDNAs (Senecoff and Meagher, 1993) (Figure 1A ). In contrast, no RT-PCR product was detected when a primer upstream of position Ϫ PRF1-143S, such as Ϫ PRF1-180S, was used as the sense primer ( Figure 1A ). This confirmed that the 5 Ј ends of the majority of PRF1 transcripts are positioned very close to PRF1-143. Thus, the T-DNA insertion in prf1-1 disrupts the presumptive promoter region of PRF1 and is positioned 100 bp upstream of the transcription start site.
Further mapping of the insertion demonstrated that left border sequences faced outward from the upstream and downstream ends of the insertion, with 40 and 12 bp of T-DNA sequence lost from the two ends, respectively. Therefore, the insertion contains DNA from two or more T-DNA elements and is relatively large.
The prf1-1 Mutant Expresses Decreased mRNA and Protein Levels in Seedlings
The prf1-1 mutation was backcrossed twice to the wild-type Wassilewskija (Ws) strain into a clean genetic background for subsequent analysis (see Methods). PRF1 is normally expressed in vegetative tissues with moderate levels of transcripts in all organs (Huang et al., 1996) . RNA gel blot analysis of transcripts from homozygous prf1-1 plants was performed using a PRF1 -specific probe from the 5 Ј untranslated region (Huang et al., 1996) . Seven-to 12-day-old mutant seedlings reproducibly contained one-half to one-third the levels of the 700-nucleotide PRF1 mRNA relative to wild-type seedlings, as shown in Figure 2A and quantified at the bottom of the RNA gel blot image. Mutant seedlings and leaves harvested more than 12 days after germination contained either reduced PRF1 mRNA levels relative to wild a R ϭ purine, Y1 ϭ pyrimidine, N ϭ all four bases. Most primers can be found on prf1-1 map in Figure 1 .
type, as shown for 21-day-old plants in Figure 2A , or approximately the same levels of mRNA. Thus, the prf1-1 mutation resulted in reduced steady state levels of PRF1 transcripts in young seedlings and plants. A PRF1-specific mouse monoclonal antibody, MAbPRF1a, was isolated to distinguish the PRF1 isovariant from other Arabidopsis profilin proteins that are coexpressed, such as PRF2 and PRF3. The five known Arabidopsis profilins, PRF1, PRF2, PRF3, PRF4, and PRF5, were expressed in Escherichia coli , purified, and resolved by SDS-PAGE, as shown by the Coomassie blue-stained gel in Figure 3A . Duplicate gels were imprinted to membranes and reacted with the antiserum. The specificity of MAbPRF1a reacting with PRF1 and not with the other Arabidopsis profilin proteins is shown in Figure 3B . This antiserum also reacts with PRF1 protein in leaf extracts from wild-type plants ( Figure 3B ). Similar gels and protein gel blots were used to resolve equal amounts of total protein extracted from mutant and wild-type seedlings ( Figures 3C and 3D ).
On the basis of the reactions with MAbPRF1, PRF1 levels were indistinguishable between prf1-1 and wild type in 14-day-old and older plants but were consistently twofold to threefold lower in 7-day-old mutant seedlings than in wild type ( Figure 3D ). The quantification of this experiment is shown below the protein gel blot image. Additional experiments showed that PRF1 levels were significantly lower in 7-to 11-day-old mutant seedlings than in wild type, but this difference from wild type was not detected in more mature mutant plants. The approximately twofold reduced PRF1 protein levels measured in the mutant are highly consistent with the results showing reduced PRF1 mRNA levels in young mutant seedlings. Decreased PRF1 expression was observed repeatedly in independent RNA and protein preparations from young seedlings. When the levels of all five possible profilin proteins were examined with a general plant profilin antibody (PAbPRFG), no consistent difference was detected in total profilin levels between the mutant and wild type, as shown in Figure 3E . Thus, the levels of the PRF1 isovariant that are altered by the prf1-1 mutation appear to account for only a small fraction of the total profilin in these seedlings and plants.
The prf1-1 Mutation Results in Altered Seedling Development
Greenhouse-grown mutant and wild-type plants were indistinguishable after 2 or more weeks on soil. However, when homozygous prf1-1/prf1-1 mutant seed were germinated for only 3 to 10 days, the mutant seedlings were distinguished relatively easily from Ws parental wild-type seedlings, as shown in Figure 4 . Mutants ( Figure 4B ; arrows indicate delayed individuals) had a more variable and slightly delayed rate of seed germination relative to the wild type ( Figure 4A ). In addition, the mutants displayed slower expansion of cotyledons and late emergence of secondary leaves ( Figure 4C , right) relative to the wild type ( Figure 4C, left) . One of the most notable characteristics of the mutant seedlings was that the cotyledons remained raised after subjective dawn (Figures 4C and 4E, right) , whereas wild-type cotyledons were lowered just before or after dawn (Figures 4C and 4E, left) . Typical mutant cotyledons formed acute angles of ‫ف‬ 30 Њ , indicated by arrows in Figure 4E (right), compared with wild-type cotyledons ( Figure 4E , left), which emerged with angles approaching 90 Њ . Mutant cotyledons may remain raised all day or lower in the late afternoon. All wildtype and mutant cotyledons were raised again at subjective dusk. This pattern of raising and lowering cotyledons with the light/dark cycle can be entrained in Arabidopsis and is under circadian clock control (Dowson-Day and Millar, 1999) . Mutant seedlings follow an abnormal cycle of movement.
The prf1-1 Mutation Results in an Elongated Hypocotyl Phenotype
Maximum hypocotyl elongation coincides with the period in which the cotyledons are raised, usually from dusk until dawn (Dowson-Day and Millar, 1999) . Mutations in genes controlling light perception or the clock itself often affect both cotyledon position and hypocotyl length (Hicks et al., (A) RNA gel blot hybridized with a PRF1-specific DNA fragment from the 5Ј untranslated region (see Figure 1) . Total RNA samples from 9-, 12-, and 21-day-old wild-type (WT) and mutant (prf1-1) plants are shown. The level of PRF1 mRNA in the prf1-1 mutant is quantified relative to the level in the wild type after correcting for the loading of the 18S rRNA shown in (B). (B) The 18S rRNA is identified in the same blot shown in (A) to demonstrate equal loading and transfer of total RNA samples. Densitometric scanning was used to quantify the bands in (A) and (B).
1996; Reed et al., 1998; Schaffer et al., 1998; Wang and Tobin, 1998; Fankhauser and Chory, 1999) . Thus, cotyledon position and hypocotyl length appear linked in their regulation. One of the most striking phenotypes associated with mutant prf1-1 seedlings in addition to their raised cotyledons are their elongated hypocotyls, ‫ف‬ 1.5 to 2 times normal length ( Figures 4C to 4E ). The long mutant hypocotyls were characterized by longer than normal cell lengths ( Figure 4J ) compared with the wild type ( Figure 4I ). Although the relationship was not quantified, it appears that increased cell length could account entirely for the increased length of hypocotyls.
The mean hypocotyl lengths were measured for a population of 9-day-old seedlings segregating from a prf1-1/PRF1 heterozygous parent. A piece of tissue from each seedling was used to identify homozygous mutant, heterozygous, and wild-type genotypes by PCR (see Methods). The relationship between genotype and hypocotyl length is shown in Figure 5A . The majority of homozygous mutant seedlings (aa) have significantly longer hypocotyls than wild-type seedlings (AA). This difference was statistically significant (P ϭ 0.002). Seedlings were transferred to kanamycin-containing medium to assay for the neomycin phosphotransferase II resistance locus on the T-DNA. One hundred percent of those seedlings classified as containing the prf1-1 mutant allele were kanamycin resistant, whereas none of the wild-type seedlings were resistant. This further confirms that the prf1-1 allele alone results in the long hypocotyl phenotype.
In Figure 5B , the wide variation in individual hypocotyl lengths in a separate segregating population derived from a prf1-1/PRF1 heterozygous parent is compared with the variation in a wild-type population. Delayed germination for some individual prf1-1 seedlings caused them to develop days later than others in the population, whereas wild-type populations showed much more uniform germination and growth ( Figures 4C, 4D, and 5B). Although the long hypocotyl phenotype is principally a recessive trait, the phenotype appears to be expressed in a gene dosage-dependent manner because (1) the heterozygous individuals are significantly longer than wild-type individuals ( Figure 5A ), and (2) the majority of individual mutant hypocotyls are longer than all but the longest wild-type hypocotyl ( Figure 5B ). These results were observed in several repetitions of this experiment performed on separate populations of seedlings between 5 and 11 days of age. 
Complementation of the prf1-1 Mutation
Although the mutant hypocotyl phenotype segregated with the prf1-1 mutation ( Figure 5A ), we could not exclude the possibility of a closely linked mutation that was not part of the PRF1 locus giving rise to the observed phenotypes. Therefore, the wild-type PRF1 gene was transformed into a prf1-1 mutant background. The PRF1 gene fully complemented the phenotypes of the prf1-1 mutation in all 10 of the transformed lines examined. Complemented lines showed a normal germination rate, normal hypocotyl lengths, and normal root hair densities. Quantification of the elongated hypocotyl phenotype was performed for four complemented lines segregating for one or two copies of the PRF1 transgene. The results are shown in Figure 5C . Each complemented line showed an essentially normal distribution of hypocotyl lengths compared with wild-type and mutant (prf1-1) populations. Again, the homozygous prf1-1 mutant population showed the widest variation in phenotype and hence the largest standard error, due to the delayed germination of some individuals and the exceptionally long hypocotyls of others.
Loss of Light Regulation in prf1-1 Mutants
The elongated hypocotyl phenotype was similar to that observed in Hy mutants disrupted in phytochrome perception or other light-regulated developmental responses (Parks and Quail, 1991; Somers et al., 1991; Dehesh et al., 1993) . The elongated hypocotyl phenotype might result simply from reduced PRF1 levels, disruption of the actin-based cytoskeleton, and an inability of seedling tissues to respond to light signals. Alternatively, there could be a more direct connection to this phenotype if the actin cytoskeletal system itself is light regulated. For example, the expression of plant tubulin genes is light regulated (Jacobshagen and Johnson, 1994; Tonoike et al., 1994; Vassilevskaia et al., 1996) , and several Arabidopsis ␣-and ␤-tubulin gene family members and one actin (ACT11) are repressed by light during seedling development (Leu et al., 1995; Huang et al., 1997) . Microtubule dynamics in some cell types are entrained as part of the circadian clock (Fukuda et al., 1998) . The actin-related protein ARP2 binds profilin and may be involved in filament nucleation and branching. The mRNA for the Arabidopsis homolog AtARP2 is negatively regulated by light (Klahre and Chua, 1999) . In contrast, light regulation of other plant actins or actin binding proteins such as the profilins has not been demonstrated.
An analysis of the light regulation of PRF1 levels is shown in Figure 6 . We consistently observed threefold to fourfold higher PRF1 levels for wild-type seedlings germinated in darkness compared with those germinated in the light (Figure 6A, right) . In contrast, mutant seedlings reproducibly showed the same or lower levels of PRF1 in darkness relative to levels in the light ( Figure 6A, left) . A general monoclonal antiserum that reacts with all plant actin isovariants (MAbGPa) ) demonstrated equal protein loading and transfer to the membrane for a highermolecular-weight region of the same gel ( Figure 6B ). Mutant prf1-1 seedlings appear to have lost their ability to express more PRF1 protein in darkness. When prf1-1 seedlings were germinated in total darkness, no reproducible phenotype was observed relative to wild type (unpublished results).
prf1-1 Mutant Seedlings Develop a High Density of Long Root Hairs
Figures 4F to 4H compare root hairs among wild-type seedlings ( Figure 4F ) and prf1-1/prf1-1 mutant seedlings ( Figures  4G and 4H ) germinated in agar medium. All of the mutant seedlings had an increased number of root hairs and longer root hairs than were observed in wild type. Furthermore, mutant seedlings often developed roots hairs earlier than Ws wild-type seedlings (data not shown). The dense root hair phenotype was observed for mutants regardless of whether seedlings were germinated on nutrient salts medium or distilled water and on solid or liquid medium. 
DISCUSSION
In this study, we determined PRF1 function by examining a mutant allele. The T-DNA insertion in prf1-1 lies in the promoter region upstream of the transcriptional start site and thus should not alter the quality of the PRF1 protein product. Homozygous prf1-1 mutants showed reduced gene expression in young seedlings but not in older plants. In the mutant seedlings, both PRF1 mRNA and PRF1 protein levels were reduced at least twofold compared with the levels observed in wild type. PRF1 protein levels were threefold to fourfold higher when wild-type seedlings were germinated in darkness compared with light. How higher PRF1 levels in the darkness might be linked to increased hypocotyl elongation in etiolated wild-type seedlings is not clear. However, PRF1 levels are not light-regulated in prf1-1 mutant seedlings. One simple interpretation of the molecular genetic phenotype is that PRF1 levels are normally induced by darkness, and the necessary regulatory elements for this response have been separated from the PRF1 gene by the T-DNA insertion in the 5Ј flanking region in the prf1-1 mutant allele.
Plant profilins are encoded by members of a diverse gene family with overlapping patterns of expression (Christensen et al., 1996; Huang et al., 1996) . The expression of PRF2, for example, overlaps considerably with that of PRF1 in vegetative organs. In addition, the level of total profilin appears unaffected in the prf1-1 mutant relative to the wild type ( Figure   Figure 5 . Hypocotyl Lengths in prf1-1 Mutants.
(A) Mean hypocotyl lengths in a population of 9-day-old seedlings segregating for the prf1-1 mutation from a heterozygous parent plant. Hypocotyl lengths were measured, and then the genotype of each plant was determined by PCR amplification of the wild-type PRF1 promoter region, the mutant junction sequences, or both sequences (heterozygotes) from each seedling. The mean length values from homozygous wild-type (AA), heterozygous mutant (Aa), and homozygous mutant (aa) seedlings are indicated. Standard errors from the mean and number of plants (n) are indicated for each genotype. The P value of 0.008 determined by analysis of variance supports the dependence of hypocotyl length on genotype. (B) Distribution of individual hypocotyl lengths from a 9-day-old wild-type population (WT) and a mutant population segregating from prf1-1/PRF1 parents. Each population contained 39 plants. (C) Mean hypocotyl lengths of 9-day-old homozygous prf1-1 mutant seedlings that were complemented with the wild-type PRF1 transgene. Populations derived from four different independent complemented transgenic lines (#6, #7, #8, and #9) were compared with wild-type (WT) and homozygous prf1-1 mutant populations. The number of individuals scored (n) and the standard errors from the mean are indicated for each population. Analysis of variance confirmed that the wild-type and complemented transgenic lines were all significantly different from the prf1-1 mutant (P Ͻ 0.0001) and indistinguishable from each other (P ϭ 0.2 to 0.64). 3E). This redundancy in profilin expression might be expected to buffer the levels of profilin so that the loss of just one isovariant would not affect development. However, even small changes in the levels of cytoskeletal protein expression result in changes in fission yeast cell morphology. When variations in fission yeast morphology are used to screen clones in cDNA expression libraries from Drosophila (Edwards et al., 1994) and Arabidopsis (Xia et al., 1996) , primarily cytoskeletal and cell cycle-related genes are identified. Thus, our results showing that a twofold to threefold decrease in PRF1 expression altered Arabidopsis seedling development are consistent with the effects of altering gene expression levels for many cytoskeletal genes. Further evidence that minor changes in profilin levels affect plant development comes from the intermediate hypocotyl length phenotype observed for heterozygous prf1-1/PRF1 seedlings ( Figure 5A ).
In agreement with the molecular phenotype of altered gene expression in seedlings, the morphological and developmental phenotypes were observed in prf1-1 seedlings but not in older plants. Visible defects included delays in germination, in cotyledon development, and in first leaf development and elongated hypocotyls. It is possible that the same molecular phenomena that result in the cotyledons remaining raised throughout most of the daily growth cycle also allow for continuous hypocotyl elongation (Dowson-Day and Millar, 1999) . Perhaps the decreased PRF1 levels in seedlings and the inability to increase PRF1 protein levels in darkness release too many actin monomers that would otherwise be sequestered in profilactin complexes. This in turn could lead to more rapid cell elongation and hypocotyl expansion and, similarly, expansion of cells on the underside of the petioles, resulting in raised cotyledons. It also could account for the increased length of root hairs in the mutants. This would agree with the observation in Thyone sperm that a rapid release of actin monomers from profilactin complexes resulted in rapid F-actin polymerization and cell extension (Tilney and Inoue, 1985) .
One interpretation of the raised cotyledons and the associated increase in hypocotyl length observed in prf1-1 mutants is that they indicate a simple cytoarchitectural defect with developmental consequences. In animals, changes in actin cytoarchitecture associated with diurnal cycles (Iovanna et al., 1990; Calman and Chamberlain, 1992) generally are interpreted as part of the elaboration of a signal from the circadian clock, with the clock directing these changes. In other words, profilin and actin are responding at the extreme phenotypic end of an information pathway to direct a physical change in cell structure. Rhythmic leaf movements and hypocotyl elongation appear to be controlled by circadian regulation of cell expansion on different sides of the leaf in likely homologs of flexor and extensor cells (Kim et al., 1993) . Because actin filaments are arranged longitudinally in elongating cells, actin is thought to positively direct cell elongation, acting in opposition to transversely arranged microtubules . Profilin is in a distinct position as both a signaling molecule and the principal actin binding protein to respond quickly to changes in intracellular calcium and phosphoinositides and orchestrate immediate changes in the actin cytoskeleton that would guide cell elongation. Future work on prf1-1 mutant plant cells will need to examine associated changes in the actin cytoskeleton itself.
An alternative interpretation of the raised cotyledon/elongated hypocotyl phenotype is that prf1-1 mutants are defective in some property affecting circadian cycling itself and the prf1-1 mutation is acting at the top of an information pathway. As mentioned above, the elongated hypocotyl phenotype also is observed in Hy mutants defective in light perception or in the clock itself, and through its role in the cytoskeleton profilin it could affect these systems indirectly. For example, loss of profilin in yeast and Dictyostelium results in increases in actin filament concentrations (Haugwitz et al., 1994; Yeh and Haarer, 1996) ; similar F-actin increases may occur in prf1-1 mutant seedlings. Changes in seedling cytoarchitecture could alter the positioning of light receptors or signal molecules within cells, thereby resulting in defects in clock function. In addition, profilin also can participate in phosphorylation/dephosphorylation signal transduction cascades (Goldschmidt-Clermont et al., 1990 . Decreased PRF1 levels might directly affect the phosphorylation state and the activation/deactivation of those clock proteins whose phosphorylation is under circadian control (Garceau et al., 1997; Kloss et al., 1998) . By combining Arabidopsis circadian mutants with the prf1-1 mutation, it might be possible to determine the position at which prf1-1 acts in these signaling pathways.
Although PRF1 is just one of five members in the Arabidopsis profilin gene family, it appears to play a significant role in normal seedling development. The prf1-1 mutation affects gene regulation and results in lower PRF1 protein expression levels in seedlings. Light regulation of PRF1 levels appears to be lost in the mutant. Although it is difficult to determine where in the signaling pathway PRF1 acts, the simplest mechanistic interpretation of our data is that decreased PRF1 levels free more actin monomers to form F-actin filaments in seedlings. This should lead to more rapid cell elongation, directly resulting in raised cotyledons, increased hypocotyl elongation, and longer than normal root hairs. Future work will examine F-actin architecture and profilin's role in signaling in these cells.
METHODS
Seed Germination and Plant Growth
Seed were sterilized by soaking for 2 min in 70% ethanol, followed by 30 min in 30% Clorox bleach with 0.02% Triton X-100, and then washing three times in sterile distilled water. Seed were then placed on agar plates for 48 hr at 4ЊC and transferred to growth chambers. Plants were grown with 12 hr of light and 12 hr of darkness in growth chambers with fluorescent lights at 50 to 150 E intensity and 22 to 24ЊC. Media contained half-strength Murashige and Skoog (1962) salts with trace nutrients (Life Technologies, Inc., Rockville, MD), 1% sucrose, and 0.8% Phytagar (Life Technologies, Inc.). Dark-grown plants had the same nutrient and temperature conditions, were kept in a box wrapped in three layers of aluminum foil, and were harvested with the aid of a green safelight.
Sequence-Based Isolation of a Profilin Mutant
An Arabidopsis library of 7000 T-DNA insertion lines containing ‫5.1ف‬ insertions per line was screened in pools of 100 lines for disruptions of profilin sequences (Feldmann, 1991) . One intact T-DNA element is ‫61ف‬ kb from left to right border. On the basis of the alignment of diverse plant, fungus, and protist profilins (Huang et al., 1996) , degenerate profilin sense (PRF-1S) and antisense (PRF-104A) primers were synthesized. They contained codons 1 and 104, respectively, of presumptive profilin sequences (Table 1 ). The location of these primers relative to a plant profilin gene sequence is shown in Figure 1A . These profilin primers were used in conjunction with T-DNA border primers (Table 1) to amplify profilin/T-DNA junction sequences using the polymerase chain reaction (PCR). The products were transferred to membrane (Biotrans Plus; ICN, Costa Mesa, CA) and probed with an 800-bp profilin cDNA amplified with the same two profilin primers from an Arabidopsis cDNA library. The sequence of the PCR product produced from the unique primer pairs LB102A/PRF1-1A and LB102A/PRF1-5ЈN1 identified the boundaries and the extent of the mutation in PRF1 (Figure 1 and Table 1 ). Subsequent rounds of screening seed pools were used to identify the particular seed line containing this insertion.
Genetic Isolation of the prf1-1 Mutation
The prf1-1 mutant identified from the T2 generation of the T-DNA library was backcrossed twice into a clean Arabidopsis var Wassilewskija (Ws) parental genetic background and subsequently selfed twice. Two heterozygous prf1-1/PRF1 lines were chosen for the studies reported in this article. Three-fourths of their progeny segregated for the linked kanamycin resistance marker, and 100% of these plants also contained the prf1-1 T-DNA insertion.
RNA gel blot analysis of transcripts and reverse transcriptasemediated polymerase chain reaction (RT-PCR) analysis of relative transcript levels were performed as described previously (Tanzer and Meagher, 1994; .
Transformation of prf1-1 Mutants with Wild-Type PRF1
A 2.4-kb SalI-SacI DNA fragment containing the wild-type PRF1 gene was amplified by PCR from Arabidopsis var Ws genomic DNA and cloned into the replacement region of vector pCambia (Hajdukiewicz et al., 1994) to make pCamPRF1. The confirmed sequence of this cloned fragment contains 1.0 kb of promoter and 5Ј flanking sequence upstream of the PRF1 start codon and 0.45 kb of sequence downstream of the stop codon. The pCamPRF1 construct was transformed into a homozygous clean prf1-1 kanamycin-resistant mutant background by vacuum infiltration (Bariola et al., 1999) , selecting for hygromycin resistance on the vector. A dozen independent transformed lines (T1 generation) were selected. T2 generation seed from these lines were germinated, and seedlings were examined for phenotype.
Preparation of Mouse Monoclonal Antisera and Protein Gel Blots
PRF1, PRF2, PRF3, PRF4, and PRF5 cDNAs were amplified by PCR and cloned into a PET15b expression vector (Novagen, Madison, WI). Escherichia coli extracts were prepared according to published protocols (PET-His . Tag system protocols; Novagen). All five profilin isovariants were purified on poly-L-proline affinity columns (Kaiser et al., 1989) . Pure PRF1 (200 g) was injected into each of five female Balb/c mice. These mice were boosted 4 and 8 weeks later with an additional 100 g of protein.
Splenocytes from the two mice with the highest anti-PRF1 titers in whole serum as determined by ELISA were fused with myeloma (SP2/0) cells to make hybridoma cell lines. The cell line producing the monoclonal antibody MAbPRF1 was identified, and antiserum was prepared as described previously . Protein samples were prepared, resolved by SDS-PAGE on 12.5% gels, and analyzed by protein gel blotting as described previously . (1996) . The Arabidopsis profilin gene family: Evidence for an ancient split between constitutive and pollen-specific profilin genes. Plant Physiol. 111, 115-126.
